Abstract -A direct microscopic observation procedure is applied to study the deformation of amorphous PET decorated with a thin metal layer when stretching is performed at different draw rates and at temperatures below and above the glass transition temperature T g . Analysis of the formed microrelief allows stress fields responsible for the deformation of the polymer to be visualized and characterized. When tensile drawing is performed at temperatures above T g , inhomogeneity of stress fields increases with the increasing draw rate; at high draw rates, the stress-induced crystallization of PET takes place. In the case of drawing the polymer at temperatures below T g , direct microscopic observations make it possible to visualize the development of shear bands that appear in the unoriented part of the polymer specimen adjacent to the neck. The shear bands are oriented at an angle of about 45° with respect to the draw direction. When necking involves the unoriented part of the polymer, shear bands abruptly change their orientation and become aligned practically parallel to the draw axis.
INTRODUCTION
Mechanism of deformation of amorphous polymers in rubbery and glassy states has been the subject of ongoing research for many years [1] [2] [3] [4] [5] . A keen interest in this problem is due to at least two reasons. First, some aspects of deformation of amorphous polymers are not yet fully understood. Second, the wide practical use of amorphous polymers requires a deeper insight into their structural and mechanical behavior. An adequate description of a solid subjected to deformation necessitates the knowledge of structural rearrangements taking place on different scales. This problem has been successfully solved for semicrystalline polymers because the induced structural rearrangements can be observed at the level of crystallites [6] . In some cases, conformational rearrangements in macromolecules during their deformation can be studied using different methods, including IR spectroscopy or smallangle neutron scattering.
However, there is another scale of structural rearrangements in the deformed polymer, which is virtually unknown. These are structural rearrangements that are responsible for the distribution of stress fields and their evolution during deformation. A generally accepted concept is the assumption of affine deformation of rubbery polymers, which forms the basis for the statistical theory of rubber elasticity [7] . However, even the first study performed with the use of this new procedure shows that this claim is far from being universal [8] .
Another factor that must have an effect on the structural and mechanical behavior of deformed polymers is a change in surface area of test specimens. Although such a change is characteristic of deformation of any solid, this phenomenon is neither taken into account in any way nor studied. There are few reports on attempts to use direct microscopic methods for studying the mechanical characteristics of polymers. For example, Nishino et al. [9] determined the local values of Poisson's ratio for PET with atomic force microscopy and analyzed its dependence on the applied stress.
In some cases, e.g. for PET [10, 11] , the polymer experiences stress-induced crystallization immediately during its stretching. Evidently, phase homogeneity in the polymer and, hence, the homogeneous character of stress field are disturbed in this case.
Recently [12] [13] [14] [15] , we have developed a direct microscopic examination procedure that allows this problem to be solved in many aspects. If a polymer specimen is decorated with a thin rigid coating prior to stretching (shrinkage), the subsequent deformation (shrinkage) of the specimen entails the formation of a certain pattern of relief in the coating and/or fragmentation of this coating. The mechanism of deformation (shrinkage) of the substrate polymer determines the character of surface structuring in the coating. Both phenomena are fully governed by the specific features of transfer of mechanical stress from the substrate polymer to the coating across the interface. Relief formation in the coating is easy to study by direct microscopic observations, which provide information on the type and distribution of mechanical stresses in the deformed polymer. This microscopic procedure allowed us to explore the deformation of glassy polymers and to propose a new mechanism of their deformation that is based on direct microscopic examination of this process [12] . Moreover, this procedure also turned out to be effective in studying the deformation of amorphous polymers in the rubbery state. So far, this problem has not been a subject of close attention. The objective of this study was to apply the direct microscopic procedure to the visualization of structural rearrangements that accompany the drawing of PET at temperatures above and below its glass transition temperature.
Visualization of Strain-Induced Structural

EXPERIMENTAL
The samples studied were amorphous PET films of 100 µ m thickness. According to DSC data, the glass transition temperature of PET is 75 ° C. The test films were decorated with a thin (10 nm) platinum layer and then were stretched by 100% at different rates (from 0.2 to 1000 mm/min) at 90 ° C. After stretching, the samples with fixed dimensions were cooled to room temperature, and their surface was examined with a Hitachi S-520 scanning electron microscope. Some metal-decorated PET samples were stretched at room temperature with a draw rate of 10 mm/min. The stretching of the tests samples for further microscopic examination and characterization of stress-strain properties of the PET samples during their tensile drawing at a constant rate and under stress relaxation were carried out using an Instron 1122 universal tensile machine. Figure 1 presents the SEM images of the platinumdecorated PET specimens after their 100% stretching at 90 ° C and different draw rates. In all cases, it is clearly seen that the surface layer of PET films underwent surface structuring (relief formation) in the metal coating during the deformation of the substrate polymer [16] [17] [18] . The main features of this deformation are the development of a wavy periodic relief and coating fracture into fragments of rather uniform size. The wavy relief is always oriented along the draw axis, whereas fracture cracks primarily propagate in the perpendicular direction.
RESULTS AND DISCUSSION
An increase in the load rate imparts certain peculiar morphological features to the pattern of surface structuring. At low draw rates (0.2 and 2.0 mm/min), a fairly regular relief is formed. In this case, cracks propagate in the coating in a practically linear manner. As a result, the coating breaks down into ribbons with rather uniform dimensions, which span from one to the other side of the deformed specimens (Figs. 1a, 1b) . At draw rates in the range of 20-200 mm/min (Figs. 1c, 1d) , the relief is less regular. Some folds become inhomogeneous in both size and shape. Owing to the propagation of secondary cracks, which do not always reach the opposite side of the initial fragment, this fragment breaks down into smaller fragments; as a result, numerous branched fragments are formed on the polymer surface. Finally, at the maximum draw rate examined (1000 mm/min) (Fig. 1e) , no long fractured coating fragments are observed any more. In this case, the coating breaks down via the formation of a continuous interpenetrating network with a variety of cracks that "connect" neighboring fragments. In the regions between these fragments, one can observe small isolated fragments of about 1 µ m size.
This finding suggests that the stress field induced in the polymer becomes progressively less homogeneous with an increase in the draw rate. Surface structuring patterns make it possible to visualize the disturbance of stress field homogeneity. At the same time, it is generally adopted that deformation is completely uniform (affine) if a polymer is deformed at temperatures above its glass transition temperature [7] . In the case of PET, which is capable of stress-induced crystallization, disturbance of phase homogeneity has been detected with the X-ray diffraction technique [10, 11] . In the absence of stress-induced crystallization, there is no cause of the disturbance of stress-field homogeneity during drawing. However, inhomogeneity is clearly revealed with the use of the proposed procedure.
Let us discuss the specific features of the deformation of polymer samples at high strain rates somewhat later. Now let us apply the analysis of surface structuring patterns in polymer samples with a thin rigid coating to the interpretation of the experimental results. Figure 2 presents σ -ε plots for the deformation of PET specimens by 100% at 90 ° C and different draw rates. It is clearly seen that the stress increases with an increase in the strain rate. As should be expected, this stress is proportional to the logarithm of strain rate.
According to the earlier speculations concerning the mechanism of surface structuring during the deformation of decorated polymers [16] [17] [18] , the parameters of the formed microrelief are primarily determined by the mechanical stress. In particular, the wavelength λ of the formed regular relief (Eq. (1)) and the mean size L of fractured fragments (Eq. (2)) depend on the mechanical stress in the substrate polymer: ,
where h is the thickness of the coating, σ y is the yield stress of the coating, σ * is the coating strength, and σ 0 is the stress in the substrate. 
